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ABSTRACT
Thin film hydrogenated amorphous silicon (a-Si:H) solar cells suffer from weak ab-
sorption of long wavelength photons, which have absorption lengths that are far greater
than the absorber layer thickness. Light trapping schemes utilizing photonic crystal
based back-reflectors can strongly diffract long wavelength photons and increase their
optical path length. Photonic crystal back-reflectors were fabricated to investigate op-
tical absorption enhancement in a-Si:H solar cells.
Photonic crystal back-reflectors were patterned with photolithography and etched in
crystalline silicon wafers using reactive-ion etching. The etched photonic crystals were
then coated with silver and aluminum doped zinc oxide for a highly reflective back con-
tact. These structures had triangular lattice symmetry, an etch depth between 200 nm
and 250 nm, and a pitch of 760 nm. Scanning electron microscopy images demonstrate
high quality long-range periodicity. A-Si:H n-i-p solar cells were deposited on these
back-reflectors using standard plasma enhanced chemical vapor deposition techniques.
Diffuse and total reflection measurements indicate high diffuse reflectance and strong
absorption within the photonic crystal. Normalized external quantum efficiency (EQE)
measurements demonstrated considerable absorption enhancement at near-infrared wave-
lengths. The photonic crystal back-reflector increased optical absorption by a factor of 6
to 7 at certain wavelengths, relative to flat reference devices on the same substrate. An
enhancement of 8 times was also observed for a reference device on stainless steel coated
with flat silver. Short circuit current, as determined by weighting EQE against the
AM1.5 solar spectrum, increased by over 7% with the photonic crystal back-reflectors.
1CHAPTER 1. INTRODUCTION
1.1 Background
Global energy usage has increased exponentially and projections indicate that this
trend will continue. Current energy demands are largely met with nonrenewable fossil
fuels, including coal, oil, and natural gas [1]. Recent advances in extracting fossil fuels,
such as heating oil shale, are generally expensive and environmentally detrimental. Re-
newable energy sources are naturally replenished and offer an alternative to fossil fuels.
Solar radiation drives many terrestrial processes that have a large harvestable energy
capacity, including air flow with wind turbines and photosynthesis with biomass. Solar
radiation, in the form of optical wavelength photons, can also be converted to electrical
current directly with photovoltaics. Photovoltaics, or solar cells, is an attractive field
of renewable energy technology that continues to show significant growth as an energy
source.
Solar cells are typically manufactured with silicon, an abundant semiconducting ma-
terial that facilitates energy conversion. Despite this abundance, material costs and
energy conversion efficiency have prevented solar cells from competing with fossil fuels.
Monocrystalline silicon (c-Si) solar cells boast high efficiencies, but the need for expen-
sive, high purity c-Si wafers have hindered their commercial growth. Thin film silicon
solar cells consist of hydrogenated amorphous (a-Si:H) or nanocrystalline silicon (nc-
Si:H), which is grown using chemical vapor deposition and silane gas. These solar cells
use significantly less material, with the total device thickness ranging from 0.5 µm to 5
2µm compared to c-Si wafers that are at least 300 µm thick. While thin film solar cells
are cheaper to produce than c-Si solar cells, novel approaches to improve their efficiency
are needed to make them competitive with nonrenewable energy sources.
1.2 Thin Film a-Si:H Solar Cells
Thin film a-Si:H solar cells consist of three unique layers that facilitate the absorption
and transport of photogenerated carriers. Thin film solar cells are typically deposited
on a substrate in an n-i-p configuration to achieve optimal transport properties within
the device. In this structure, n-type a-SiC:H is closest to the substrate and functions
as the electron transport layer. The intrinsic layer (i-layer) consists of a-Si:H and is
where a majority of photons are absorbed. A p-type layer of a-Si:H is deposited on the
i-layer to assist hole transport. An antireflective coating is deposited on the top of the
p-type layer to minimize optical losses. Indium tin oxide (ITO) is also used as both an
antireflective coating and top contact since it is both semi-transparent and conductive.
This structure is shown in Figure 1.1.
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Figure 1.1 Device structure of an n-i-p a-Si:H thin film solar cell. Photon
absorption and EHP generation is shown.
Solar cells are designed to maximize absorption within the i-layer and minimize
recombination of generated carriers. Photons with energy greater than the bandgap of
3a-Si:H 1 are ideally absorbed and generate an electron-hole pair (EHP) within the i-layer.
An internal electric field across the i-layer causes the EHP to separate. The electron
and hole then drift to the n-type and p-type layers respectively, where they are majority
carriers and contribute to device current. Bulk recombination typically occurs when an
EHP is generated within the n-type or p-type layers. The minority carrier will recombine
immediately before it is able to drift across the i-layer. Absorption within the n-type
layer is prevented by using a-SiC:H, which has a larger bandgap than a-Si:H. Surface
recombination occurs at the a-Si:H/ITO and a-SiC:H/substrate interfaces, which also
reduces current delivered by the solar cell.
1.3 Absorption Enhancement with Photonic Crystals
The i-layer thickness of a-Si:H solar cells is limited by several factors, including hole
lifetimes and fill factor stability [2]. The probability that a hole recombines in the
i-layer depends on mobility, lifetime, and the electric field across the i-layer. Thin i-
layers not only have a larger electric field for a given applied voltage, but the amount
of recombination decreases for shorter transit distances. The i-layer thickness for a-Si:H
solar cells is typically 250 nm to 300 nm. Unfortunately, the probability that light is
absorbed within the i-layer is also proportional to thickness. With an ideal back-reflector,
this probability is given as:
P (λ) = 1− exp
( −2t
La(λ)
)
(1.1)
where t is the i-layer thickness and La(λ) is the wavelength dependent absorption length.
For 2t >> La, this equation approaches unity and all incident photons are absorbed. If
2t ≤ La for photons with energy larger than the bandgap, significant absorption losses
occur. The absorption length of a-Si:H is shown in Figure 1.2. Photons with wavelengths
shorter than 550 nm have absorption lengths less than the i-layer thickness and are
1Eph > Eg, which is approximately 1.75 eV for a-Si:H
4effectively absorbed. However, the absorption length grows rapidly for wavelengths
greater than 600 nm and exceeds 7 µm for photons near the band edge. Red and near-
infrared photons are very difficult to absorb in thin a-Si:H layers.
Figure 1.2 Absorption length of a typical a-Si:H solar cell for optical and
near-infrared photon wavelengths [3].
Light trapping schemes are necessary for absorbing long wavelength photons in a-
Si:H solar cells. One scheme that has shown promising simulation results utilizes a two-
dimensional, metallic photonic crystal as a back-reflector. Two dimensional photonic
crystals strongly diffract light at oblique angles over a range of wavelengths. When the
diffraction angle is greater than the critical angle, total internal reflection causes photons
to remain in the solar cell until they are absorbed. Standing waves within the cavities of
the photonic crystal structure also contribute to absorption enhancement. An example
of this back-reflector structure is shown in Figure 1.3(a).
The reflective properties of photonic crystals are determined by several geometric
parameters, including the lattice symmetry, pitch (a), filling ratio (R/a), and etch depth.
Optimizations were done with rigorous scattering matrix simulations, where Maxwell’s
equations were solved in Fourier space [3, 4]. Reflection and absorption were obtained
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Figure 1.3 Photonic crystal back-reflector device structure is shown in (a)
and a cross section of the triangular lattice is shown in (b).
from the scattering matrix. Optimal simulated absorption occured for a triangular lattice
photonic crystal with an etch depth (d2) of 250 nm, filling ratio of 0.30, and pitch of 740
nm. These dimensions are shown in Figures 1.3(a) and 1.3(b). An a-Si:H thickness of
500 nm was also used. As shown in Figure 1.4, the simulated external quantum efficiency
showed significant absorption of long wavelength photons for the photonic crystal back-
reflector compared to a reference flat silver back-reflector. Absorption maxima between
650 nm and 780 nm are caused by diffraction resonances (standing waves) in the absorber
layer, where optical path length and dwell time are enhanced [5, 6]. The electromagnetic
fields are concentrated within the photonic crystal. There is little change in absorption
below 600 nm since photons with absorption lengths less than the i-layer thickness are
effectively absorbed before they reach the back surface. In this research, photonic crystal
back-reflectors were fabricated to evaluate the absorption enhancement in a-Si:H solar
cells.
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Figure 1.4 Simulated external quantum efficiency for an a-Si:H solar cell
with a photonic crystal back-reflector and a flat Ag reference.
1.4 Literature Review
Light trapping and absorption enhancement schemes are major routes for improving
thin-film solar cell efficiency. Research has focused on two methods: periodic struc-
tures based on photonic/plasmonic crystals and Lambertian surfaces that scatter light.
One-dimensional photonic crystals have been used to achieve nearly 100% reflection
over a broad range of wavelengths, as well as significant absorption enhancement when
integrated with a diffraction grating or two-dimensional photonic crystal [7, 8, 3, 9].
Lambertian surfaces, such as etched ZnO, offer a relatively inexpensive method for im-
proving absorption by scattering light [10, 11]. Results from textured polymer substrates
are also presented, as this process would likely be used for roll-to-roll photonic crystal
nano-imprinting [12].
1.4.1 Early Studies on Light Trapping
While there are many techniques to increase the internal light intensity within thin
film solar cells, much of this work was preceded by early research on randomly roughened
7surfaces. E. Yablonovitch and G. Cody argued that light incident on a textured slab will
be internally scattered at random angles [13]. When a perfectly reflective (white) sheet is
used on the back surface, the internal light intensity is larger than the incident intensity
by a factor of 2n2, where n is the wavelength-dependent refractive index of the slab.
For an absorbing material, such as amorphous or crystalline silicon, the enhancement
of internal light intensity was found to be 4n2 [13]. This serves as the theoretical limit
for absorption enhancement in light trapping schemes. A study from 2003 stated that
absorption can be enhanced by a factor of 10 in practice [14].
1.4.2 Textured 1-D Photonic Crystals
One-dimensional photonic crystals have been used in back-reflector designs due to
their high reflectance, configurability, and lack of intrinsic plasmonic losses. By alter-
nating two materials that have a large contrast in their refractive indices, 1-D photonic
crystals can have nearly 100% reflectance around a central wavelength. When textured
with a diffraction grating, solar cell absorption increases from strong diffraction modes,
light trapping, and minimal reflection losses from the 1-D photonic crystal. These struc-
tures are also not subject to plasmonic losses, such as those seen in Ag back-reflectors
coated with ZnO:Al at the rough metal-dielectric interface [15].
1.4.2.1 Crystalline Si Solar Cells
Light trapping with a diffraction grating and 1-D photonic crystal in a c-Si solar
cell was demonstrated by Zeng et al. [7]. Lateral p-i-n solar cells with interdigitated
contacts were fabricated on the surface of a double-side polished 6 inch c-Si wafer. The
rectangular diffraction grating, with grating period of 1.1 µm, was etched on the back of
the wafer with projection lithography and plasma etching. The 1-D photonic crystal was
then deposited on the grating with plasma enhanced chemical vapor deposition. Two
different 1-D photonic crystals were investigated in this research: one with alternating
8layers of Si and Si3N4 and the other with layers of Si and SiO2. These structures had
reflectances greater than 99.8% for wavelengths between 800 nm and 1100 nm.
As shown in Figure 1.5(a), external quantum efficiency was enhanced significantly
with devices that had a 1-D photonic crystal and diffraction grating. For wavelengths
greater than 1000 nm, the Si/Si3N4 1-D photonic crystal and grating solar cell showed
enhancement between 2 and 135 over a reference cell without a back-reflector structure.
In addition to EQE, I-V measurements were performed to determine the increase in short
circuit current and efficiency from the proposed back-reflectors. As shown in Figure
1.5(b), the solar cell with a Si/Si3N4 1-D photonic crystal and grating had the highest
short circuit current density. This increase in short circuit current density, 27.5 mA/cm2
compared to 23.3 mA/cm2 for the solar cell without a back-reflector, corresponded to
an 19% increase in relative efficiency.
(a) (b)
Figure 1.5 External quantum efficiency enhancement factor for c-Si solar
cells with different back-reflectors are shown in (a). I-V curves
for these devices are shown in (b). Significant enhancement is
shown for solar cells with a diffraction grating and DBR [7].
91.4.2.2 Thin Film Monocrystalline Si Solar Cells
After increased absorption was shown for c-Si solar cells, Zeng et al. applied the
same back-reflector concept to thin film, monocrystalline solar cells and found similar
results [8]. The back-reflector was designed using couple wave theory and the scattering
matrix method to obtain optimal reflection from the 1-D photonic crystal and large angle
diffraction from the grating structure. These simulations resulted in a grating period
of approximately 300 nm and an estimated 28.3% increase in short circuit current with
respect to a flat reference cell. The solar cell was fabricated from an SOI wafer, which
allowed for the back-reflector structure to be etched into the 5 µm thick active layer.
The diffraction grating was patterned with interference lithography and reactive ion
etching. Two variations of the 1-D photonic crystal were investigated: a flat structure
that was achieved by chemical mechanical polishing and a wavy structure that followed
the diffraction grating profile. The 1-D photonic crystal was deposited using plasma
enhanced chemical vapor deposition. The thin active layer was transferred to a separate
wafer, which exposed the unprocessed side and allowed for p-i-n solar cells to be formed
with ion implantation.
In addition to the back-reflector structures with a grating and flat or wavy 1-D
photonic crystal described above, a flat reference solar cell without a back-reflector and
a solar cell with only a flat 1-D photonic crystal were fabricated as control samples.
Simulated and experimental external quantum efficiency for these structures are shown
in Figure 1.6(a). EQE was nearly identical for each solar cell at shorter wavelengths, but
several shoulders can be observed for wavelengths greater than 640 nm. As expected,
the reference had the lowest EQE relative to solar cells that utilized a textured photonic
crystal back-reflector. The wavy 1-D photonic crystal and grating back-reflector solar
cell had a short circuit current density of 17.45 mA/cm2, which corresponded to a 18.9%
increase over the flat reference cell. A slight drop in open circuit voltage was observed,
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with 0.62 V for the wavy photonic crystal and grating solar cell compared to 0.65 V
for the reference cell. This was thought to be caused by a larger reverse bias saturation
current in the reference cell. I-V characteristics for these solar cells are shown in Figure
1.6(b). The overall relative efficiency increase was found to be 14.8%. The n-type and
p-type implants on the top surface resulted in a poor reference device efficiency of 11.1%.
Similar enhancement for more efficient devices is questionable.
(a) (b)
Figure 1.6 Simulated and measured external quantum efficiency for
monocrystalline thin film solar cells with different back-reflec-
tors are shown in (a). I-V curves for these devices are shown in
(b) [8].
1.4.3 Modulated 1-D Photonic Crystals
When used as a back-reflector for thin-film solar cells, 1-D photonic crystals typically
suffer from a limited range of wavelengths with high reflectance. Krc et al. suggested
modulating two different 1-D photonic crystals on glass to create an “ideal” back-reflector
[9]. The photonic crystal consisted of alternating layers of n-type a-Si:H and ZnO:Al,
which allowed it to be used as a back contact for the solar cell device. The first photonic
crystal demonstrated high reflection at lower wavelengths (500 nm - 700 nm), while
the second had similar behavior at higher wavelengths (700 nm - 1000 nm). These
11
wavelength ranges were optimized for a µc-Si solar cell with an i-layer thickness of 2 µm.
Simulated internal reflectance from the rear part of the solar cell is shown in Figure 1.7.
short-wavelengths of light, while the second part should ex-
hibit a high reflectance for longer wavelengths, thereby
achieving a broadband reflectance.
The PC structures were designed and optimized using
the 1D semicoherent optical simulator SUNSHINE.8 In simu-
lations, both wavelength dependent refractive indices and the
absorption coefficients of the actual layers were taken into
consideration. The same simulator was then used to predict
the characteristics of a microcrystalline silicon !!c-Si:H"
solar cell with the modulated PC BR.
The test PC structures were fabricated using nonconduc-
tive layers made from thin-film silicon technology: intrinsic
a-Si:H and a-SiNx :H films. The films were deposited by
plasma enhanced chemical vapor deposition, which allows
the fabrication of a-Si:H /a-SiNx :H stacks in a continuous
deposition run. The refractive indices of the layers were
na-Si:H=3.83 and na-SiNx =1.81 !at "=800 nm". The PC struc-
tures were deposited on a glass substrate starting with the
a-Si:H layer. Figures 1!a" and 1!b" show the measured and
simulated reflectance R of two regular PC structures !PC_1
and PC_2", which also later represent the first and the second
part of the modulated PC. Both PC_1 and PC_2 comprise of
six periods !12 layers" with layer thicknesses da-Si:H /da-SiNxH
of 50/100 and 70/140 nm, respectively. Such thicknesses as-
sure a high reflectance of the shorter wavelengths !in this
case "=700–950 nm" by PC_1 and of the longer wave-
lengths !"=800–1300 nm" by PC_2. Both the regular PC
structures exhibit a high wavelength-selective reflectance
!close to 100%". Figure 1!c" shows the reflectance of the test
modulated PC structure, combining PC_1 and PC_2 !6+6
periods, 24 layers". One can observe that the two regions of
high reflectance that correspond to PC_1 and PC_2 are com-
bined into a single broad region for the modulated PC struc-
ture. Such extensive broadening cannot be achieved with a
regular PC !using the same layer materials", neither by in-
creasing the number of periods nor by selecting alternative
layer thicknesses. It is the modulated concept that enables
materials, which do not have a large ratio of refractive indi-
ces, to be used as broadband reflectors.
After demonstrating that the concept works, we designed
a suitable modulated PC for a broadband BR for thin-film
!c-Si solar cells. In this case, the reflector must also serve as
a back electrical contact. Therefore, conductive layers,
n-doped amorphous silicon !n-a-Si:H" and Al doped magne-
tron sputtered ZnO !ZnO:Al", were used. The refractive in-
dices of these layers were nn-a-Si:H=3.32 and nZnO:Al=1.77
!"=800 nm". First, two regular PCs !PC_I and PC_II", were
designed for covering short- and long-wavelength reflec-
tance. At this stage both regular PCs consist of seven periods
with thicknesses dn-a-Si:H /dZnO:Al of 40/80 and 60/120 nm,
respectively. The effect of the BRs was investigated for
the solar cell structure using the following configuration:
glass substrate/ZnO:Al!700 nm" / p-!c-Si:H!10 nm" /
i-!c-Si:H!2 !m" /n-a-Si:H!20 nm" /PC BR. Flat inter-
faces were assumed in the SunShine simulations !light scat-
tering excluded". To demonstrate clearly the effect of the
modulated PC BR and to avoid the pronounced interferences
in the simulated external quantum efficiency !EQE" of the
solar cell, an incoherent propagation of light inside a 2 !m
thick i-!c-Si:H absorber layer was applied. Realistic com-
plex refractive indices for all the layers were used in the
simulations.9 To evaluate the actual reflectance of the BR
inside the cell’s structure, we calculated the internal reflec-
tance with respect to the absorber layer and not with respect
to air. Thus, the i-!c-Si:H material was applied as the inci-
dent medium in simulations to determine the reflectance
properly.
Figure 2!a" shows the internal reflectance of the PC_I
and PC_II. Particularly, PC_I and PC_II were designed to
provide high reflectance in the regions "=500–700 nm and
"=700–1000 nm, respectively. We also consider the
n-a-Si:H layer of the solar cell as the first layer of the PC
BRs, although it was thinner !20 nm" than the optimal thick-
nesses of n-a-Si:H layers in the PC_I !40 nm" and PC_II
!60 nm". Our simulations suggest that a thinner first
n-a-Si:H layer would be advantageous since absorption
losses therein are lower. Nevertheless, losses in the n-a-Si:H
and ZnO:Al layers are still present, especially at "
#600 nm, and limits the internal reflectance performance of
PC_I !slopelike behavior of the R". However, the internal
reflectance of the PC_II exhibits saturation at #97%. The
internal reflectance corresponding to an ideal BR !R at the
rear n-a-Si:H interface of the solar cell was set to 100%" and
of a cell without a BR !n-a-Si:H followed by air" are in-
cluded in Fig. 2 for the sake of comparison.
For !c-Si:H solar cells, it is important that the BR has a
high reflectivity over a much broader wavelength region
!"$500–1100 nm", something that can be achieved neither
by PC_I nor by PC_II nor by any other regular PC using the
two conductive materials. To overcome this, we applied our
design of a modulated PC structure based on PC_I and PC_II
structures. In this design, only three periods !not seven" of
PC_I and four periods of PC_II were included in the modu-
lated PC. Thus, the total number of periods in the modulated
PC remains the same !seven" as in a regular PC in order to
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FIG. 2. !Color online" Simulated internal reflectance from the rear part of
the microcrystalline silicon solar cell !n-a-Si:H /PC BR" into the i-!c-Si:H
absorber layer: !a" regular PC_I and PC_II and !b" modulated PC !three
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n-a-Si:H and ZnO:Al layers. Simulated internal reflectance of the rear
structures with an ideal BR and without a BR !n-a-Si:H followed by air" are
shown for comparison.
153501-2 Krc et al. Appl. Phys. Lett. 94, 153501 !2009"
Downloaded 25 Jun 2009 to 129.186.200.7. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
(a)
short-wavelengths of light, while the second part should ex-
hibit a high reflectance for longer wavelengths, thereby
achieving a broadband reflectance.
The PC structures were designed and optimized using
the 1D semicoherent optical simulator SUNSHINE.8 In simu-
lations, both wavelength dependent refractive indices and the
absorption coefficients of the actual layers were taken into
consideration. The same simulator was then used to predict
the characteristics of a microcrystalline silicon !!c-Si:H"
solar cell with the modulated PC BR.
The test PC structures were fabricated using nonconduc-
tive layers made from thin-film silicon technology: intrinsic
a-Si:H and a-SiNx :H films. The films w re deposited by
plasma enhanced chemical vapor deposition, which allows
the fabrication of a-Si:H /a-SiNx :H stacks in a continuous
deposition run. The refractive indices of the layers were
na-Si:H=3.83 and na-SiNx =1.81 !at "=800 nm". The PC struc-
tures were deposited on a glass substrate starting with the
a-Si:H layer. Figures 1!a" and 1!b" show the measured and
simulated reflectance R of two regular PC structures !PC_1
and PC_2", which also later represe t t e first and the second
part of the modulated PC. Both PC_1 and PC_2 comprise of
six periods !12 layers" with layer thicknesses da-Si:H /da-SiNxH
of 50/100 and 70/140 nm, respectively. Such thicknesses as-
sure a high reflectance of the shorter wavelengths !in this
case "=700–950 nm" by PC_1 and of the longer wave-
lengths !"=800–1300 nm" by PC_2. Both the regular PC
structures exhibit a high wavelength-selective reflectance
!close to 100%". Figure 1!c" shows the reflectance of the test
modulated PC structure, combining PC_1 and PC_2 !6+6
periods, 24 layers". One can observe that the two regions of
high reflectance that correspond to PC_1 and PC_2 are com-
bined into a single broad region for the modulated PC struc-
ture. Such extensive broadening cannot be achieved with a
regular PC !usi g the same layer materials", neither by in-
creasing the number of periods nor by selecting alternative
layer thicknesses. It is the modulated concept that enables
materials, which do not have a large ratio of refractive indi-
ces, to be used as broadband reflectors.
After demonstrating that the concept works, we designed
a suitable modulated PC for a broadband BR for thin-film
!c-Si solar cells. In this case, the reflector must also serve as
a back electrical contact. Therefore, conductive layers,
n-doped amorphous silicon !n-a-Si:H" and Al doped magne-
tron sputtered ZnO !ZnO:Al", were used. The refractive in-
dices of these layers were nn-a-Si:H=3.32 and nZnO:Al=1.77
!"=800 nm". First, two regular PCs !PC_I and PC_II", were
designed for covering short- and long-wavelength reflec-
tance. At this stage both regular PCs consist of seven periods
with thicknesses dn-a-Si:H /dZnO:Al of 40/80 and 60/120 nm,
respectively. The effect of the BRs was investigated for
the solar cell structure using the following configuration:
glass substrate/ZnO:Al!700 nm" / p-!c-Si:H!10 nm" /
i-!c-Si:H!2 !m" /n-a-Si:H!20 nm" /PC BR. Flat inter-
faces were assumed in the SunShine simulations !light scat-
tering excluded". To demonstrate clearly the effect of the
modulated PC BR and to avoid the pronounced interferences
in the simulated external quantum efficiency !EQE" of the
solar cell, an incoherent propagation of light inside a 2 !m
thick i-!c-Si:H absorber layer was applied. Realistic com-
plex refractive indices for all the layers were used in the
simulations.9 To evaluate the actual reflectance of the BR
inside the cell’s structure, we calculated the internal reflec-
tance with respect to the absorber layer and not with respect
to air. Thus, the i-!c-Si:H material was applied as the inci-
dent medium in simulations to determine the reflectance
properly.
Figure 2!a" shows the internal reflectance of the PC_I
and PC_II. Particularly, PC_I and PC_II were designed to
provide high reflectance in the regions "=500–700 nm and
"=700–1000 nm, respectively. We also consider the
n-a-Si:H layer of the solar cell as the first layer of the PC
BRs, although it was thinner !20 nm" than the optimal thick-
nesses of n-a-Si:H layers in the PC_I !40 nm" and PC_II
!60 nm". Our simulations suggest that a thinner first
n-a-Si:H layer would be advantageous since absorption
losses therein are lower. Nevertheless, losses in the n-a-Si:H
and ZnO:Al layers are still present, especially at "
#600 nm, and limits the internal reflectance performance of
PC_I !slopelike behavior of the R". However, the internal
reflectance of the PC_II exhibits saturation at #97%. The
internal reflectance corresponding to an ideal BR !R at the
rear n-a-Si:H interface of the solar cell was set to 100%" and
of a cell without a BR !n-a-Si:H followed by air" are in-
cluded in Fig. 2 for the sake of comparison.
For !c-Si:H solar cells, it is important that the BR has a
high reflectivity over a much broader wavelength region
!"$500–1100 nm", something that can be achieved neither
by PC_I nor by PC_II nor by any other regular PC using the
two conductive materials. To overcome this, we applied our
design of a modulated PC structure based on PC_I and PC_II
structures. In this design, only three periods !not seven" of
PC_I and four periods of PC_II were included in the modu-
lated PC. Thus, the total number of periods in the modulated
PC remains the same !seven" as in a regular PC in order to
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FIG. 2. !Color online" Simulated internal reflectance from the rear part of
the microcrystalline silicon solar cell !n-a-Si:H /PC BR" into the i-!c-Si:H
absorber layer: !a" regular PC_I and PC_II and !b" modulated PC !three
periods of PC_I and four periods of PC_II". The PCs consist of conductive
n-a-Si:H and ZnO:Al layers. Simulated internal reflectance of the rear
structures with an ideal BR and without a BR !n-a-Si:H followed by air" are
shown for comparison.
153501-2 Krc et al. Appl. Phys. Lett. 94, 153501 !2009"
Downloaded 25 Jun 2009 to 129.186.200.7. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
(b)
Figure 1.7 Simulated internal reflectance of a µc-Si solar cell deposited on
1-D photonic crystals with layers of n-a-Si:H and ZnO:Al is
shown in (a). Internal reflection of the modulated 1-D photonic
crystal back-reflector is shown in (b) [9].
External quantum efficie cy was simulated for a µc-Si olar cell on sev ral different
substrates: n-type a-Si:H back contact on glass, 1-D modulated photonic crystal as de-
scribed above, and an ideal back-reflector with 100% reflection over all wavelengths. The
results fro these simulations are shown in Figure 1.8. As expected from the reflection
data, the EQE for the modulated photonic crystal back-reflector was nearly identical to
the ideal back-refl ctor. The improvem nt in short c rcuit cu rent density f om the pro-
posed s r cture was over 13% when compared to the solar cell without a back-reflector.
The modulated structure was sh wn to offer an add tional 5% improvement in short cir-
cuit current density over each 1-D photonic crystal when they were used independently.
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justify the improvements related to the modulated PC with-
out extending either the number of layers or deposition
time. In Fig. 2!b", a high internal reflectance of the modu-
lated PC is shown over the broad wavelength region !
=500–1000 nm. Some interference spikes are observed at
wavelengths where pronounced minima are present in the
reflectance of the regular PC_I and PC_II #see Fig. 2!a"$.
This is because the number of periods in the first and in the
second part of the modulated PC is insufficient to compen-
sate for the effect of deconstructive interferences, originating
either from the first or second part of the PC; an almost
perfect compensation was achieved for the modulated PC in
Fig. 1!c".
In Fig. 3!a" the simulated EQE is plotted for the cells
that have regular PC_I and PC_II BRs. To determine the
EQE from optical simulations we assume an ideal extraction
of charge carriers from the i-"c-Si:H absorber, which is the
situation in actual state-of-the-art "c-Si:H solar cells. While
the EQE of the cell with the PC_I BR is lowered in the
long-wavelength region !!#700 nm", the cell with the
PC_II exhibits reduced EQE in the middle-wavelength re-
gion !!=500–700 nm". The corresponding short-circuit cur-
rent densities JSC under reference solar irradiance AM1.5
reach 92.8% and 92.7% of the JSC calculated for an ideal BR,
respectively #Fig. 3!a"$.
Figure 3!b" shows the results obtained from the simu-
lated EQE of the cell with the modulated PC. In this case, the
EQE over the entire wavelength region resembles closely
that of a cell with an ideal BR. The observed small devia-
tions are related to the decreases in the internal reflectance
#Fig. 2!b"$. The cell with the modulated PC BR achieves
97.7% of the JSC of the cell with an ideal BR; this is an
additional 5% increase with respect to regular PCs. This in-
crease in the JSC leads to the same relative increase in con-
version efficiency of the solar cell, given that the open-
circuit voltage and the fill factor remain the same.
In summary, we propose using modulated PC structures
as BRs in thin-film solar cells. The modulated PC structure
exhibits a broadband high reflectance that opens up the pos-
sibility for realizing not only highly reflective but also con-
ductive PC BRs. Using materials from thin-film silicon pho-
tovoltaic technology, the predicted EQE and JSC of a
microcrystalline silicon cell with a modulated PC BR re-
sembles closely that of a cell having an ideal BR.
This work was partially funded through the Slovenian
Research Agency !Project No. J2-0851" and the Dutch
SenterNovem Agency !Project No. EOSLT04029".
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Figure 1.8 Simulated EQE for a µc-Si solar cell without a back-reflector,
with the 1-D modulated photonic crystal back-reflector, and an
ideal back-reflector [9].
1.4.4 Etched ZnO:Al
Etched ZnO:Al is a very effective and attractive method of scattering light within
thin-film solar cells. When used as either the top contac in a superstrate or bottom
contact in a substrate solar cell, etched ZnO:Al sca ters incident light throughout the
absorber layer over a wide range of wavelengths. Many thin film solar cell manufacturers
are also capable of producing etched ZnO:Al substrates since the process requires an RF
sputtering system and wet chemical etching with hydrochloric acid (HCl). Another
advantage of this process is that the size and opening angle of the etched features are
easily tuned by changing the total alumina concentration (TAC) in the ZnO sputtering
target and substrate temperature during the ZnO:Al deposition [10]. The effect that
these parameters have on etching is shown in Figure 1.9.
In addition to characterizing etched ZnO:Al for various deposition parameters, Ber-
ginski et al. deposited thin-film nc-Si solar cells on etched ZnO:Al superstrates [10]. In
one series of etched ZnO:Al substrates, different substrate temperatures were used when
sputtering ZnO:Al to achieve a variety of etched surfaces. The EQE for these devices
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Figure 1.9 SEMs showing the effect of aluminum doping (0.2, 0.5, 1.0, and
2.0 wt%) and ZnO:Al sputtering temperature (170, 300, 375,
and 460◦C) on the etched features [10].
is shown in Figure 1.10(a). Significant absorption for wavelengths greater than 600 nm
was observed with each substrate, but the highest (460◦C) and lowest (290◦C) substrate
temperatures resulted in the greatest enhancement. Electrical performance and light
trapping was found to be optimal with the 460◦C substrate, since the lower temperature
substrate required a voltage bias to assist carrier collection. The effect of etched ZnO:Al
transparency and conductivity on solar cell efficiency was also studied. Solar cells with
different i-layer thicknesses were deposited on etched ZnO:Al superstrates with 0.5 wt%
and 1.0 wt% TAC. As shown in Figure 1.10(b), the EQE of 0.5 wt % TAC substrates
resulted in the largest short circuit current for each i-layer thickness. A short circuit
current of 26.8 mA/cm2 was shown for a 1.9 µm thick i-layer, single junction device.
1.4.5 Textured Polymer Substrates
Polymer substrates, such as poly-ethylene-naphtalate (PEN), can be textured with
photonic crystals and other periodic patterns to enhance absorption in thin-film solar
cells. These substrates are relatively inexpensive, flexible, can be handled in a roll-to-
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sputtered using a TAC of 2 wt % deviate in their behavior:
the haze decreased significantly for high substrate tempera-
tures. In the investigated temperature range, we cover a to-
pography type change from II to III for TAC of 2 wt % cor-
responding to a decrease in haze values.
In order to study the light-trapping ability in thin-film
solar cells, we applied the ZnO:Al films in !c-Si:H single
junction cells with intrinsic !c-Si:H layer absorber thick-
ness of about 1 !m. Figure 10 shows the QE data and cell
reflections of solar cells prepared on ZnO:Al films with dif-
ferent surface topography types. In the case of type I topog-
raphy !TAC of 0.2 wt %, T=290 °C", a certain degree of
light trapping is already apparent because of the roughness of
these layers. Due to the poor electrical quality of the ZnO:Al
film, the quantum efficiency of the corresponding cell had to
be measured with applied negative bias in order to collect all
the carriers generated. The cell current density of this cell
was 22.1 mA/cm2. The electrical performance and light-
trapping ability was improved by using type II front contacts
!TAC of 0.2 wt %, T=460 °C", consisting of relatively uni-
formly dispersed craters. In this case, the cell current density
reached 22.9 mA/cm2 due to an improved QE in the red and
NIR wavelength ranges. The gain in efficiency is consider-
able due to the much better electrical properties of the
ZnO:Al leading to a high fill factor and open circuit voltage.
A front TCO with type III topography !TAC of 2 wt %, T
=375 °C" is noticeably less successful in trapping the light
within the cell. It mainly consists of flat regions without
significant light scattering, leading to a low QE with a cell
current density of only 17.2 mA/cm2 and interference
fringes similar to cells prepared on smooth front contacts.28
Figure 11 shows a summary of cell current densities as a
function of TAC and substrate temperature during sputtering.
These results can be partly explained by employing the rms
roughness and haze data !see Fig. 6" and the assumption that
higher roughness implies better light trapping. It should be
noted that this model is too simple to explain the light-
trapping ability in all details. A detailed discussion of the
relation of surface topography and light trapping can be
found in the literature.40,41 In the case of 2 wt % TAC, the
topography type changes from regime II to regime III by
increasing the substrate temperature from 300 to 400 °C.
Due to the poor light-trapping ability of type III films, the
cell current density drops steeply towards the level of cells
fabricated on nontextured front contacts !cf. data of Rech et
al.: 15.6 mA/cm2".28
In the case of 0.2, 0.5, and 1 wt % TAC, we mainly
studied topography types I and II. There is a rather steep
increase in roughness changing the surface topography re-
gime. The cell current densities observed for type II front
contacts are significantly higher than 21 mA/cm2. Neverthe-
less, the highest currents are found for type II films and are
found at high substrate temperatures with a rather low TAC.
To further study the necessity of TCO transparency for
optical cell efficiency we deposited a series of !c-Si:H solar
cells with varying silicon thicknesses of 0.5, 1, and 1.9 !m
on type II front contacts with TAC of 0.5 wt % !T
=375 °C" and TAC of 1 wt % !T=300 °C". Figure 12 shows
the quantum efficiencies of these cells as well as the cell
reflections of the two cells with a 1.9 !m !c-Si:H layer.
Reducing the parasitic absorption in the front TCO increases
the quantum efficiency and the cell reflection and thus short-
ens the gap between quantum efficiency and 1−R. With in-
creasing thickness of the intrinsic silicon layer the influence
of parasitic losses in the front TCO, in the doped silicon
layers, and at the back reflector is reduced since the absor-
bance of the intrinsic silicon layer increases relative to the
parasitic absorption. A cell current density of up to
26.8 mA/cm2 has been achieved experimentally in the case
of an intrinsic silicon layer thickness of 1.9 !m !see quan-
tum efficiency in Fig. 12".
The QE data shown in Fig. 12 were used to estimate an
effective light pass enhancement factor f . In order to con-
sider the different TCO absorptions ATCO during the first pass
before entering he !c-Si:H, QE is normalized to: QErescaled
=QE/ !1−ATCO". The absorption ATCO was calculated from
the transmission and reflection !see Fig. 3". Using an ab-
sorber layer thickness d and absorption coefficient " of
FIG. 10. Quantum efficiency !left axis" and cell reflection !right axis" of a
series of !c-Si:H solar cells with intrinsic silicon layer thickness of about
1 !m. Front TCOs of surface topography types I, II !both with 0.2 wt %
TAC", and III !2 wt % TAC" are compared. Cell current densities were cal-
culated using the solar AM 1.5 spectrum !see inset, values are given in
mA/cm2". The cell with front contact of type I was measured with an ap-
plied bias of −0.5 V due to poor electrical properties of the corresponding
front TCO. The discontinuity in the data of the cell reflection around #
=900 nm is due to an artifact of the measurement system. Note the different
direction of the right axis. In this case, the reflection curves can be inter-
preted as total cell absorption.
FIG. 11. Current densities calculated using measured quantum efficiencies
of !c-Si:H pin cells !i-layer thickness of 1 !m". In the case of very high-
Ohmic front contacts the cells were measured with a negative bias of up to
−0.5 V in order to be able to collect all the carriers generated.
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!c-Si:H measured by hotothermal defl ct on spec-
troscopy,42 the enhancement factor f is calculated by
QErescaled = 1 − exp!− "fd"⇔ f =
− ln!1 − QErescaled"
"d
.
!1"
This calculation of f assumes that every absorbed photon in
t e intrinsic !c-Si:H material generates one electron-hole
pair which could be collected during the measurements.
Thus, this simplification leads to an underestimation of the
enhancement factor, especially since it also does not consider
reduced light intensity by absorption losses in the rough
ZnO/Ag back reflector43,44 and doped silicon layers.
Figure 13 shows the f values calculated from the data
shown in Fig. 12. For short wavelengths the value is below
unity, which simply means that light of these wavelengths is
absorbed within the first few nanometers of the silicon before
it reaches the back reflector. t wavelengths #$600 nm, f
exceeds unity if light scattering enhances the path length
geometrically and, additionally, if th light is trapped be-
tween the front contact and b ck reflector. The effective light
pass enhancement factor is maximal at wavelengths #
#950 nm before it starts to decrease. The reduction in f in
the long wavelength part of the spectrum is very likely due to
the increasing influence of additional parasitic absorption
losses !e.g., at the front and back contacts" and the above-
mentioned underestimations. Besides this effect, the surface
topographies might scatter these photons less efficiently. The
enhancement factor of the cells employing the less absorbing
front ZnO:Al !solid lines and solid symbols" are significantly
larger over a broad spectral region compared with the cells
using 1 wt % TAC !dashed lines and open symbols". Both
TCOs have a postetching topography type II and look very
similar !compare Fig. 5". If we assume an equally efficient
light scattering this estimation can give an idea of the impor-
tance of NIR transparency of the front contacts. Figure 13
shows that increasing the transparency of the front TCO re-
sults in a gain that exceeds the gain expected from a single
pass through the front TCO since the QE values used for the
calculation were already rescaled to compensate the absorp-
tion during the first TCO passage. Thus, the NIR absorption
of the TCOs is very likely seen several times during light
trapping in the cells making it important to improve the
transparency of the front TCO.
IV. DISCUSSION OF RESULTS WITH RESPECT
TO THEORETICAL LIMITATIONS
A. Current experimental status
In the following, we compare the light-trapping ability in
cells employing front TCO at the present experimental status
with theoretical calculations and simulations. In the litera-
ture, there are many different approaches for deriving light-
trapping limits from theoretical calculations. As an upper
limit, Yablonovitch and Cody45,46 derived a factor of 2n2 for
light intensity enhancement in a transparent dielectric me-
dium with refractive index n. The authors claim that in the
case of an absorbing medium this can lead to an absorption
enhanc ment factor of twice the intensity enhancement fac-
tor b cause of angle-averaging effects, resulting altogether in
a fact of 4n2. Their statistical mechanical derivation as-
sumes that wave optical effects can be ignored. This is
mainly valid for thick films: nd%# /2. A dielectric film is
irradiated from one side. While this front side is assumed to
face air !nair=1" and to have zero reflectivity, the rear side is
id ally reflective. The external irradiation field has to consist
of isotropic black-body radiation and the system has to be
ergodic. Yablonovitch claims46 that these last two require-
m nts can be relaxed to the demand that the surface of the
medium has to be rough enough to angularly randomize the
light paths.
Tiedje et al. extended this theory by additionally consid-
ering a mall amount of absorption !"d&1" in the dielectric
medium.47 Assuming radiative recombination to be the domi-
nant recombination mechanism, they derive the absorbance
ALT !LT=light trapping" of the dielectric medium as
FIG. 12. Quantum efficiencies !left axis" of a series of !c-Si:H solar cells
with varying silicon layer thi k ess: 0.5, 1, and 1.9 !m. The cell curr nt
densities in mA/cm2 are 18.5 !thinnest silicon layer", 23.0, and 25.8 !thick-
est silicon layer" in the case of 1 wt % TAC !dashed lines", and 20.2 !thin-
nest", 24.3, and 26.8 !thickest" in the case of 0.5 wt % TAC !solid lines",
respectively. The cell reflection of the two cells with 1.9 !m intrinsic
!c-Si:H is shown on the right axis. The discontinuity in the data of the cell
reflection around #=900 nm is due to an artifact of the measurement
system.
FIG. 13. Effective light pass enhancement factor f calculated using quantum
efficiencies from Fig. 12 and front TCO absorptions of a single pass !not
sh wn".
074903-7 Berginski et al. J. Appl. Phys. 101, 074903 !2007"
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(b)
Figure 1.10 EQE for µc-Si:H devices with varying substrate temperatures
during etched ZnO:Al preparation is shown in (a). EQE for
devices with different alumina ZnO doping is shown in (b), for
both 1 w % (dashed) nd 0.5 wt% (solid) TAC. [10].
roll process, and are easily textured with nano-imprinting. Polymer substrates typically
require low processing temperatures, which requires unique light trapping methods.
Haug et al. demonstrated enhanced absorption using textured PEN as the substrate
for µc-Si devices [12]. The PEN substrate was periodically textured and coated with
Cr, Ag, and ZnO. These films were deposited using a multi-source sputt ring system
that was capable of l rge-area coating. T e n-i-p µc-Si solar cell was then deposited
on the textured substrate using very high frequency plasma enhanced ch mical vapor
d position. Boron doped ZnO was used as the top contact, and was deposited with low
pr ssure CVD. A control sample with a flat Cr, Ag, and ZnO back-refl ctor on glass was
also fabricated. Th in ernal and ext rnal quantum efficie cy of these devices device are
shown in Figure 1.11. C iderable enhancement in EQE was shown for waveleng hs
gr ater than 700 nm, but the IQE showed possible plasmonic los es between 650 nm and
800 nm. S ort circuit current density was improved by 27% wi the textured ubstrate
compared to the control solar cell, with currents of 22.8 mA/cm2 and 17.9 mA/cm2
respectively. A decrease in fill factor and open circuit voltage was also observed, but the
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ABSTRACT: Roll-to-roll processing of thin film solar cells on flexible low cost substrates is an attractive option to 
lower the production cost of photovoltaic modules. Plastic substrates like PET or PEN are insulating which 
potentially offers advantages compared to conducting steel foils. However, plastic substrates require lower 
processing temperatures and novel schemes for efficient light trapping. In this paper we present results of 
microcrystalline solar cells on periodically textured substrates. Optical characterization of the back reflector revealed 
the presence of plasmon resonance effects which are mediated by the periodic structure. In TEM investigations we 
found that the structure is maintained congruently throughout the high index silicon layers. Microcrystalline silicon 
solar cells on the textured substrates reveal a gain in photocurrent of 27 % compared to flat reference cells. The gain 
is largely explained by an improved response in the spectral region between 650 and 1000 nm. The best cells on PEN 
substrates reached efficiencies of 8.2 %. 
Keywords: Microcrystalline silicon, Light trapping, Optical losses 
 
 
1 INTRODUCTION 
 
Enhanced light absorption is a desirable feature of 
thin film silicon solar cells because it allows reducing the 
absorber layer thickness. In case of amorphous silicon 
thinner absorber layers show less light induced 
degradation, whereas in case of microcrystalline material 
enhanced absorption is desirable because its indirect 
band gap results in weak response to red and near IR 
light. An efficient way to enhance the absorption is light 
scattering at textured surfaces which results in a 
prolonged light path within the absorber layer. The effect 
is further increased by a highly reflective back contact 
which reflects weakly absorbed light back into the 
absorber layer.  
Commonly thin film silicon solar cells and modules 
are fabricated in p-i-n structure on rigid glass substrates. 
The substrates are usually coated with a textured 
transparent front contact which also acts as a light 
scattering element. The surface texture is achieved by 
adapted growth processes [1,2] or by a texture etch after 
growth [3].  
Flexible solar modules on plastic or steel foils, on the 
other hand, are an attractive alternative to rigid solar 
modules on glass. They are lightweight and easily 
applicable to building integration. Additionally, roll-to-
roll deposition technologies hold considerable potential 
to lower the cost of module production. Flexible thin film 
silicon solar cells are usually fabricated in the n-i-p 
configuration, and different methods of incorporating 
light scattering surface structures are in use.  
In this paper we report on flexible solar cells 
fabricated on plastic substrates with a periodically 
textured surface. Compared to flat reference cells they 
show a significantly enhanced photocurrent density. 
 
2 EXPERIMENTAL 
 
We use low cost plastic substrate materials like poly-
ethylene-terephtalte (PET) or –naphtalate (PEN). The 
surface of the substrates is textured with a proprietary 
process which can produce a wide variety of surface 
structures and replicas of given morphologies [4]. The 
results presented here were obtained on periodically 
textured structures. They were covered with a reflector 
stack consisting of Cr-Ag-ZnO which was deposited by a 
roll-to-roll process in a large area multi-source sputtering 
system at the Fraunhofer Institut für Ionenstrahl und 
Plasmatechnik (FEP), Dresden [5]. Additionally, flat 
reflectors consisting of Cr-Ag-ZnO on glass (Schott AF 
45) were deposited in house by sputtering and used as 
flat reference substrates.  
Microcrystalline silicon was deposited in a single 
chamber system with base pressure in the lower 10-8 
mbar range. The absorbers are grown in n-i-p sequence 
by plasma enhanced chemical vapour deposition at very 
high excitation frequencies (VHF-PECVD) between 70 
and 140 MHz.  
Finally, the transparent front electrode is deposited 
by low pressure (LP-) CVD [2]. It consists of boron 
doped ZnO which is deposited under conditions which 
result in a textured surface with an rms roughness of 
about 30 nm.  
 
3 SOLAR CELL RESULTS 
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Figure 1: External and internal quantum efficiency of 
microcrystalline solar cells on textured PEN (full) and 
flat reference (dashed lines). 
 
Figure 1 compares the quantum efficiencies of solar 
cells on textured and flat substrates in the spectral range 
from 350 to 1000 nm under short circuit conditions. The 
21st European Photovoltaic Solar Energy Conference, 4-8 September 2006, Dresden, Germany
1651
Figure 1.11 Internal and external QE for a thin film µc-Si solar cell de-
posited on textured poly-ethylene-naphtalate (solid) and a flat
reference device (dashed) on Ag coated glass [12].
overall efficiency of increased with textured PEN substrat s.
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CHAPTER 2. METHODOLOGY AND PROCEDURES
A process was developed to fabricate photonic crystal back-reflector substrates. The
back-reflector solar cell devices consisted of a triangular lattice metallic photonic crystal,
a-Si:H n-i-p solar cell device, and an ITO antireflective coating and top contact. The
photonic crystal was etched into a patterned crystalline silicon wafer using reactive ion
etching. Ag was then evaporated on the c-Si and used as both the back-reflector and
back contact. A thin layer of ZnO:Al was sputtered on the Ag to prevent agglomeration
during high temperature a-Si:H processing. The a-Si:H n-i-p solar cell was deposited
using standard plasma enhanced chemical vapor deposition (PECVD) techniques. A thin
ITO top contact and antireflection coating was sputtered on the surface to complete the
solar cell device.
2.1 Photonic Crystal Back-reflector Fabrication
2.1.1 Photolithography
Six inch crystalline silicon wafers were used as the bulk photonic crystal structure.
The minimum feature size of the photonic crystal was approximately 300 nm, as defined
by the spacing between etched c-Si cylinders. An ASML 193 nm step-and-repeat aligner
was used to expose the photoresist with enough resolution to achieve the optimal di-
mensions. The 12mm by 12mm photonic crystal pattern was exposed into 500 nm of
Rohm and Haas Epic 2135 photoresist and 80 nm of a bottom antireflective coating
(BARC). Since photoresist was the etch mask in this process, a sufficiently thick layer
17
was required for reactive-ion etching.
2.1.2 Substrate Preparation
Once the wafers were patterned, a stainless steel scribe was used to split the wafer
into eight, 36 mm by 36 mm substrates. Each substrate was cleaned with N2 to remove
c-Si debris introduced when the wafer was scribed. The substrates were then placed in
single wafer carriers. The substrate dimensions were defined by substrate holders and
masks used in processing tools that were used in this research. The photonic crystal was
positioned on the substrate to allow for a flat a-Si:H device that was used as a reference.
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Figure 2.1 Layout of the photonic crystal back-reflector substrate. ITO
contacts define the a-Si:H devices.
2.1.3 Reactive Ion Etching
A PlasmaTherm 700 series reactive-ion etching (RIE) system was used to etch the
patterned wafers. Although wet etching is often highly selective and does not require a
vacuum system, dry etching offers greater anisotropy and reproducibility. Dry etching
also has several disadvantages, including the deposition of a residue that remains on
18
surfaces during the etching process and the etch rate profile across the electrode. Despite
these limitations, dry etching with an RIE offers consistent etch depths and well-defined
features which are critical when fabricating optical wavelength photonic structures.
Crystalline silicon was etched with a carbon tetrafluoride (CF4 or Freon 14) and
oxygen plasma. CF4 is an inert gas that can be easily dissociated with an RF plasma
to produce fluorine radicals. Atomic fluorine bonds with exposed silicon to form silicon
tetrafluoride (SiF4), which is then desorbed from the silicon surface. This reaction is
shown below:
CF4 + e
− → CF3 + F + e− (2.1)
Si+ 4F → SiF4 (2.2)
Additional complex and undesirable reactions occur when etching with CF4. Carbon and
fluorine can recombine and form a C-F polymer on surfaces within the etching chamber
[16]. This polymer is difficult to remove and inhibits etching. CF4 is also effective at
etching polymers, such as photoresist and the BARC.
The addition of O2 further increases the fluorine concentration in the plasma by
combining with carbon. This relationship is well documented and a maximum fluorine
concentration occurs with approximately 12.5% O2 [17]. While the silicon etch rate
increases with increased fluorine concentrations, an excessive amount of O2 reduces the
etch rate as the silicon surface is oxidized [18].
Several objectives were defined when testing the various RIE parameters, which are
listed in Table 2.1. Due to the relatively thin organic-based etch mask, obtaining the
greatest etch selectivity between c-Si and photoresist was critical. The third set of
parameters yielded the best selectivity of 1.32 for photoresist to c-Si etching. Etch
anisotropy was also needed since the simulated structure used side-walls that were or-
thogonal to the c-Si surface. While this was not measured quantitatively, SEMs indicated
that the third recipe also had the best anisotropy. Minimizing C-F polymer formation
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on the surface was also investigated and is discussed in the appendix.
Table 2.1 RIE etch process parameters
Recipe CF4 (sccm) O2 (sccm) RF Power (W) DC Bias (V) Pressure (mTorr)
1 58 5 31 127 25
2 80 5 47 127 50
3 50 6 51 127 50
Photoresist etch rates were determined with a Nanospec spectrophotometer by mea-
suring thickness based on refractive index, reflection maxima and minima from optical
interference, and reflection intensity. A combination of side-profile SEMs and profilome-
ter scans were used to measure the c-Si etch rate. The etch rate and selectivity for each
set of process parameters is shown in Table 2.2.
Table 2.2 Etch rates for the tested process parameters
Recipe c-Si (nm·min−1) PR (nm·min−1) Selectivity (PR/c-Si)
1 8 22 2.75
2 17 30 1.76
3 22 29 1.32
2.1.4 Substrate Cleaning
After etching the photonic crystal pattern with CF4 and O2, the remaining pho-
toresist and bottom anti-reflection coating was stripped by an additional plasma etch
with O2. In addition to the convenience of removing these layers without wet processing
steps, it was found that the BARC layer did not react with acetone.
Several O2 plasma parameters were tested to determine which process was most
effective at cleaning the surface. The parameters for each process can be found in Table
2.3. Each set of parameters was capable of completely removing the photoresist and
BARC layers. The higher power plasma appeared to reduce particulates on the surface
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introduced during the etching and cleaning steps. Earlier runs used the lower power
process, while substrates processed towards the end of this research were cleaned with
the high power process. The total duration was determined by the particulate density
on the c-Si surface after an initial 5 minutes of O2 plasma cleaning. In general, 5 minutes
to 10 minutes was sufficient and additional time did not yield a cleaner surface.
Table 2.3 Oxygen plasma cleaning process parameters
O2 (sccm) RF Power (W) DC Bias (V) Pressure (mTorr) ER (nm·min−1)
10 50 172 50 75
50 150 292 98.6 210
2.1.5 Silver Thermal Evaporation
Once the c-Si sample was etched and cleaned, Ag was thermally evaporated on the
substrate. Ag was chosen due to its high specular reflectance at red and near-infrared
wavelengths and low sheet resistance. As shown in Figure 2.2, Ag total reflectance is
above 90% for light with wavelengths greater than 500 nm. Plasmonic losses cause
the reflectance to decrease for shorter wavelengths, but these losses occur where back-
reflectors are mostly ineffective in a-Si:H solar cells.
In thermal evaporation, Ag particles ballistically travel from the source to the sub-
strate. These particles can be blocked, or shadowed, by features on the substrate. This
property results in non-uniform depositions on textured substrates, as the thickness on
vertical features will be significantly less than the amount deposited on flat surfaces.
Therefore, a sufficiently thick layer of Ag is needed to ensure adequate side-wall cover-
age.
Before evaporating Ag on the photonic crystal substrate, the bell-shaped, vertical
enclosure was brought to vacuum. With the substrate on a stage and facing the metal
targets, the enclosure was lowered and held flush against the base of the evaporator. A
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Figure 2.2 Total reflectance for aluminum, gold, and silver mirrors [19].
roughing pump valve was opened to bring the chamber pressure down to approximately
1 Torr. Several nitrogen (N2) purges are usually necessary to reduce the amount of water
vapor within the chamber. This was done by closing the roughing pump valve, flowing N2
into the chamber for 15 seconds, and then opening the roughing pump valve to reduce
the pressure. After purging and once the chamber is at 1 Torr, the roughing pump
valve was closed before the opening turbo gate valve to bring the pressure down further.
Several 5 second purge cycles were performed after the chamber pressure is reduced
with the turbo pump. After purging, the turbo gate valve was opened after roughing
out the chamber and an ion pressure gauge was used to determine the chamber pressure.
Pressures were typically on the order of 1× 10−6 Torr.
After the chamber pressure was below 1× 10−6 Torr, the evaporator was configured
to deposit Ag. A Maxtek TM200R thickness monitor was initialized by selecting the ap-
propriate acoustic impedance and density of Ag. The thickness monitor was connected
to a crystal oscillator located inside the evaporator and gave a real-time measure of
thickness from changes in oscillation frequency during the deposition. A shutter, placed
between the sample and metal source, was also closed before the metal was de-gassed.
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De-gassing was performed by slowly increasing the current to the tungsten boat or rod
until it was just below the evaporation point of the metal. Through joule heating, the
temperature of the tungsten boat and Ag increased with current and caused various
compounds to evaporate. This process initially caused an increase in chamber pres-
sure as impurities evaporate, but the pressure eventually decreased once the metal was
adequately de-gassed.
Once the thickness monitor was set and the source metal was de-gassed, Ag was
evaporated on the substrate. The current was increased until the thickness monitor
indicated a sufficient evaporation rate, which was typically 5 A˚/s to 10 A˚/s. The shutter
was then opened and the thickness monitor was set to display the total evaporated
thickness. After the desired thickness was evaporated, the shutter was closed and current
was decreased. The substrate was then ready for ZnO:Al sputtering.
2.1.6 ZnO:Al Sputtering
ZnO:Al was sputtered to prevent the silver from agglomerating during the a-Si:H
device deposition, which was typically performed at 300◦C to 350◦C. Agglomeration
occurs at high temperatures, where Ag films form voids, hillocks, and islands to reduce
the total energy of the system1 [20, 21]. A low temperature ZnO:Al deposition was also
needed to prevent agglomeration during the sputtering process.
The samples were first loaded into a sputtering chamber that contained ITO and
ZnO:Al sputtering targets. Similar to the metal evaporation process, a roughing pump
was used to bring the chamber to a relatively low pressure of 1 Torr. Several N2 purges
were done by flushing the chamber with N2 for 30 seconds and then bringing the pressure
back to 1 Torr with the roughing pump. With the chamber at 1 Torr, the turbo gate
valve was opened to bring the chamber to lower pressures. The chamber was then purged
several times by flowing N2 for 15 seconds after closing the turbo gate valve and then
1This is particularly true with partial pressures of O2
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pumping the chamber out with the roughing and turbo vacuum pumps. This typically
resulted in a base pressure of approximately 1× 10−6 Torr.
Once the chamber reaches a sufficiently low base pressure, the substrate heater con-
troller was set to 150◦C. Once the temperature gauge displayed the desired temperature,
the chamber pressure was brought to 10 mTorr by flowing 100% argon into the chamber
and adjusting the turbo gate valve. After the pressure stabilized, an RF power supply
was turned on and set to 40 W. The ZnO:Al sputtering target and plasma were allowed
to condition with the shutter closed for several minutes. The shutter was then opened
to expose the substrate and deposit ZnO:Al.
2.2 a-Si:H Device Fabrication
2.2.1 Plasma-enhanced Chemical Vapor Deposition
Amorphous silicon n-i-p solar cells were deposited on the photonic crystal substrates
using plasma enhanced chemical vapor deposition (PECVD). The various a-Si:H layers
are deposited on the substrate by applying an RF signal between two electrodes and
flowing precursor gases that dissociate in a plasma. The substrate is grounded and faces
an electrode that is supplied with a high power RF signal. The various precursor gases
used to form the device layers included phosphine (PH3) for n-type doping, diborane
(B2H6) for p-type doping, silane (SiH4) for intrinsic a-Si:H, and methane (CH4) to react
with silane and form amorphous silicon carbide [22].
The solar cell device was deposited in a single reactor, which is shown in Figure
2.3. The substrate was placed on the substrate holder, which was loaded and unloaded
from the top of the reactor and contained a heating element to adjust the substrate
temperature. A grounded shutter was placed between the area of the substrate holder
that contained the device and the RF electrode. By adjusting the position of the shutter,
the sample was either exposed or isolated from the plasma. The RF electrode was
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connected to an external impedance matching apparatus. A function generator and
power amplifier supplied the RF signal to the impedance matching unit, which was
tuned to minimize the reflected RF power. Intrinsic and dopant gas lines were isolated
and separately controlled, which reduced contamination in the i-layer by allowing for
parasitic gases within the dopant lines and chamber to be purged.
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Figure 2.3 Diagram of the plasma enhanced chemical vapor deposition re-
actor used to deposit a-Si:H devices.
The photonic crystal substrates were first loaded onto the substrate holder. The
substrate holder was then placed in the designated opening on top of the chamber. A
roughing pump was used to bring the chamber to 1 Torr, which was followed by opening
the turbo pump valve to achieve a chamber pressure less than 1× 10−6 Torr. Once the
chamber reached the desired base pressure, the substrate heater was set to 300◦C and
allowed time to stabilize. The intrinsic and dopant gas lines were enabled and silane,
phosphine, and methane mass flow controllers (MFCs) were adjusted and set to flow.
The turbo gate valve was then adjusted to regulate the chamber pressure and an RF
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signal was applied to the electrode to form the plasma. Silane, phosphine, and methane
dissociate in the plasma and form free radicals, which are ultimately deposited on the
surface to form n-type a-SiC:H. The deposition time was set to achieve a 250 nm film
thickness with calibrated growth rates. This thickness was chosen to prevent shorts
during testing. The RF signal was then disabled to allow for the chamber and gas lines
to be purged before the i-layer deposition. With the chamber purged, silane was set to
flow into the reactor and the RF signal was applied to the electrode. Intrinsic a-Si:H
was then deposited on the n-type layer until the desired thickness was reached. The
i-layer thickness was typically between 250 nm to 300 nm. The thin p-type layer was
then deposited by flowing silane and diborane into the chamber, which dissociate to
form p-type a-Si:H. This layer was approximately 10 nm thick, since electron-hole pairs
generated in this film do not generally contribute to current delivered by the solar cell.
After the device deposition was finished, the reactor was purged and the substrate holder
was given time to cool before it was removed.
2.2.2 ITO Sputtering
ITO was sputtered on the p-layer of the a-Si:H device to form the top contact. ITO is
commonly used as a contact since it is fairly transparent and conductive. The thickness
of the ITO layer was set to 70 nm, which allowed it to serve as both a contact and
antireflection coating.
The ITO contacts were deposited in the same sputtering chamber as ZnO:Al. Similar
to the previous steps, a low chamber background pressure was reached with the roughing
pump, turbo pump, and an adequate number of purges. Once the chamber reached
1 × 10−6 Torr, the substrate heater was set to 225◦C. After the substrate stabilized
at the set temperature, argon and oxygen gas flows were introduced to the chamber
and the chamber pressure was set to 5 mTorr by adjusting the turbo gate valve. With
the shutter closed, the DC power supply was turned on and set to 20 W. This was
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sustained for several minutes to condition the ITO sputtering target and DC plasma.
After conditioning, the shutter was opened to begin the 2.5 minute deposition.
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CHAPTER 3. CHARACTERIZATION
The photonic crystal back-reflector substrates and a-Si:H devices were characterized
to evaluate substrate processing and reflective properties, as well as device performance.
In this section, characterization techniques and device measurements are discussed.
3.1 Photonic Crystal Back-reflector Substrates
Throughout the entire photonic crystal back-reflector fabrication process, certain
characterization steps were utilized to verify the structural integrity and optical perfor-
mance. Scanning electron microscopy (SEM) was used to inspect the samples after each
processing step and evaluate the effects of various process changes. SEMs were typically
taken after RIE etching and O2 plasma cleaning, Ag evaporation, ZnO:Al sputtering,
and ITO sputtering. Diffuse and total reflection measurements were also performed after
Ag was evaporated and ZnO:Al was sputtered.
3.1.1 Scanning Electron Microscopy
A Jeol 6100 scanning electron microscope was used to image the photonic crys-
tal back-reflectors. The SEM had attachments for both secondary electron and back-
scattered electron detection. The secondary electron detector was used due to its greater
resolution and ease of operation. The SEM was controlled through a central console that
contained standard adjustment dials and a display to both preview the scan and view a
histogram from the rasterizing beam. A computer was also configured to interface with
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the SEM and control the scanning parameters. Through numerous scans, it was found
that the SEM could resolve features on the order of 10 nm when the sample was scanned
slowly with significant averaging to reduce noise.
Imaging the substrate with an SEM was a significant portion of substrate character-
ization. Due to a large contrast in conductivity between some of the materials used to
process the back-reflectors, a simplistic form of surface analysis was possible. This was
particularly important when determining whether the photoresist and BARC was ade-
quately removed, since these materials would “charge” in the SEM and appear embossed
once rasterized by the scanning beam. Figure 3.1(a) shows an example of the embossing
seen in organic materials. The scanning beam would also typically leave a carbon based
residue on the substrate, and this residue was more apparent on conductive materials
such as c-Si and metal.
The SEM was also capable of measuring the etched photonic crystal geometries on
the substrates. Once a particular area was scanned and saved, markers were placed
throughout the pattern to determine the pitch, radius, and etch depth. While pitch
and radius were determined with images of the photonic crystal surface, the etch depth
could only be accurately determined when the scanning beam was in-plane with the
c-Si substrate. For etch depth measurements, the c-Si substrate was split along the
crystal plane and through the photonic crystal pattern. The split substrate was then
placed vertically in the SEM, with the photonic crystal region of the substrate facing
the scanning beam. An example of measurements performed with the SEM can be seen
in Figure 3.1(b).
3.1.2 UV-Vis-NIR Spectroscopy
Diffuse and total reflection measurements were performed with an Ocean Optics
HR4000 spectrometer and an ISP-REF integrating sphere. A tungsten-halogen light
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(a) (b)
Figure 3.1 Examples of SEM characterization on a 750 nm pitch photonic
crystal substrate. The organic embossing effect is shown in (a)
and measurement capabilities are shown in (b).
source was built into the integrating sphere and directed light towards an aperture
located at the top of the unit. The light source was rated at 3100 K, which has a
spectral illumination range of 360 nm to 1000 nm. The inside of the integrating sphere
was coated with Spectralon, a highly Lambertian reflecting surface rated for over 98%
diffuse reflectivity between 400 nm and 1500 nm. The integrating sphere contained two
additional apertures: one for measuring the light intensity with an external spectrometer
using an optical fiber and another that could be toggled to include or exclude specular
reflectance. When the second aperture was opened, a “black” surface was exposed to
prevent the specular component of reflection from being scattered (and measured) within
the integrating sphere. The result was a measure of diffuse reflectance. Total reflectance
was measured by closing the aperture, which covered the black area with the same
highly diffuse surface used throughout the integrating sphere. This modification caused
the specular component to be scattered and included in the reflectance measurement.
The ability to take reliable diffuse and total reflection measurements was largely de-
pendent on the recorded baselines. Before the sample was measured, a diffuse reflection
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standard with nearly 99% reflectance was placed on the top aperture. The signal integra-
tion time and averaging was modified to ensure that the spectrum peak did not saturate
the spectrometer photodetectors while maintaining a strong signal. Electrical correction
was also enabled, which read the signal from outlying detectors and subtracted this
“noise” from the entire spectrum. A 100% baseline was then recorded. The 0% base-
line was found after the diffuse reflection standard was replaced with a container lined
with black insulating foam. The black lining ensured that the fluorescent light spectrum
would not confound the baseline. This calibration was performed before substrates were
measured as well as after switching between diffuse and total reflection.
3.2 a-Si:H Devices
After a-Si:H devices were deposited on the photonic crystal substrates, they were
characterized with several different measurements. Current-voltage (I-V) measurements
were performed while the device was illuminated to determine typical solar cell parame-
ters, such as short-circuit current, open circuit voltage, and fill factor. External quantum
efficiency (EQE) was also measured for a quantitative assessment of absorption within
the solar cell at specific wavelengths of light.
3.2.1 Current-voltage Measurements
Current-voltage (I-V) measurements were taken immediately after the top contacts
were sputtered. The I-V measurement apparatus consisted of an ELH bulb connected
to an AC power supply with a voltage transformer. The ELH bulb was suspended at
a fixed height above a black stage. Two probes were positioned directly beneath the
light source and connected to a voltage supply. A fan was also placed near the probes
to reduce the effect of heat from the ELH bulb when devices were measured.
The device was first placed on a glass slide to isolate it from the test bench. The ELH
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light source was then switched on and current delivered to the bulb was increased until
the transformer indicated that it was voltage-limited. The probes were then placed on
the top and bottom contact to apply a range of bias voltages while measuring current.
This process was automated with a computer interface that controls both the voltage
supply and ammeter.
The ELH bulb had an emission spectra that resembles the standard AM1.5 solar
spectrum at a specific voltage. The power supply was set to 120 V to minimize variation
between the emitted and true solar spectrum. As shown in Figure 3.2, the ELH emission
appears to be weighted towards red and infrared wavelengths when compared with the
AM1.5 spectrum.
Figure 3.2 The standard AM1.5 spectrum compared with the spectrum
from an ELH bulb and arc lamp [23].
The main objective of measuring I-V characteristics was to determine the quality
of the solar cell device when illuminated. Quality was measured with the following
parameters: short circuit current density (Jsc), open circuit voltage (Voc), fill factor
(f.f.), and efficiency (η). Short circuit current density is defined as the current per unit
area that the solar cell generates when there is zero applied voltage between the device
contacts. The voltage that causes the solar cell to behave like an open circuit, or deliver
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zero current, is referred to as the open circuit voltage. Open circuit voltage largely
depends on the photo-generated (IL) and reverse saturation (I0) currents, as shown in
the following equation [24]:
Voc =
kT
q
ln
(
IL
I0
− 1
)
(3.1)
where k is Boltzmann’s constant, T is temperature in Kelvin, and q is the charge of an
electron. Fill factor was found by determining the voltage (Vm) and current (Im) that
delivers maximum power and taking the following ratio [24]:
f.f. =
Im Vm
Isc Voc
(3.2)
Efficiency is defined as the ratio of the maximum power generated by the solar cell under
AM1.5 illumination to the total power incident on the surface, as defined by the AM1.5
spectrum. The standard measure for total AM1.5 power density is 100 mW/cm2. Solar
cell efficiency can be expressed as the following:
η =
Pmax
PAM1.5
=
Jsc Voc f.f.
100 mW/cm2
(3.3)
Although fill factor and efficiency are the most common figures of merit when designing
solar cells, back-reflector research typically focuses on improvements in short-circuit
current density.
Shunt and series resistance were also extracted from the solar cell I-V characteristics.
These resistances account for parasitics within the device, including low resistive paths
through the i-layer and contact resistance. Shunt resistance was calculated from the
inverse slope of the I-V curve when a negative bias is applied to the solar cell. Series
resistance was found from the inverse slope for positive applied voltages. The slopes
used to determine shunt and series resistance for a typical a-Si:H device are shown in
Figure 3.3.
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Figure 3.3 I-V relationship for an a-Si:H solar cell device. Series resistance
is determined by the inverse slope of I-V under positive bias
(green) and shunt resistance is the inverse slope of negative bias
I-V (red).
3.2.2 External Quantum Efficiency
External quantum efficiency (EQE) was measured to determine wavelength depen-
dent collection within the a-Si:H solar cell. EQE is a quantity defined as the number
of electrons obtained outside of the device divided by the number of incident photons.
The EQE measurement apparatus used a light source that was channeled into a single-
grating monochromator to select a specific wavelength. Since the light output from the
monochromator contained several diffraction modes, various optical filters1 were placed
in the optic path to block unwanted modes. Light from the monochromator passed
through a chopper which rotated at 13 Hz. A transresistive pre-amplifier was used to
convert device current to voltage and was attached to the sample probes. The chopper
and output of the pre-amplifier were connected to a Stanford Research Systems SR830
digital lock-in amplifier, which integrated the output signal from the pre-amplifier and
1800 nm - 700 nm: 700 nm high-pass filter, 700 nm - 580 nm: No filter, 580 nm - 400 nm: “Hot-glass”
band-pass filter
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the reference signal from the chopper. This setup was ideal for measuring small signals
since readings that were out of phase with the chopper were effectively eliminated from
the signal reading. A diagram of this setup is shown in Figure 3.4.
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Figure 3.4 Diagram of the external quantum efficiency apparatus.
EQE was determined from lock-in amplifier voltage readings for an a-Si:H solar cell
and a reference c-Si photodiode with a known absolute quantum efficiency. EQE was
calculated with:
EQE = EQEref
(
Vdevice
Vref
)
(3.4)
for measurements that were taken from 400 nm to 800 nm in 20 nm increments. This
measurement is not absolute due to unknown differences in light intensity and illumi-
nation area between the device and photodiode. Therefore, the EQE for all devices is
normalized to 90%. The validity of this assumption greatly depends on the peak EQE
of the a-Si:H device, since the absolute EQE of the photodiode is approximately 90%
near the a-Si:H device EQE maxima.
An estimate of the solar cell short circuit current was also found by summing the
product of device quantum efficiency and AMI 1.5 current at each measured wavelength.
This was calculated with:
Jsc,EQE =
800nm∑
λ=400nm
qΦ(λ)EQE(λ) (3.5)
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where q is the unit charge of an electron, Φ(λ) is the AM1.5 solar flux in photons/sec/cm2,
and EQE(λ) is the measured EQE at a specific wavelength.
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CHAPTER 4. RESULTS AND DISCUSSION
4.1 Photonic Crystal Back-reflector Substrates
In this section, each of the processing steps used to fabricate the photonic crystal
back-reflectors is discussed. After reactive-ion etching and O2 plasma cleaning, SEMs
were used to determine the cleanliness of the substrate and lattice dimensions. SEMs
were also taken after Ag evaporations and ZnO:Al sputtering to improve the process by
identifying parameters that minimized Ag agglomeration. Diffuse and total reflectance
were used to determine the optical characteristics of the photonic crystal.
4.1.1 Etched c-Si
Substrates were etched with each of the CF4/O2 plasma parameters discussed in
Section 2.1.3. Since the selectivity was improved with each set of parameters, the etching
time was set to etch between 200 nm and 250 nm while retaining a layer of photoresist
and BARC to avoid etching the masked c-Si surface.
As shown in Figure 4.1, the photonic crystal lattice was successfully etched into the
c-Si substrate. The photoresist and BARC layers were etched off the surface and poly-
mer formation on the side-walls of photonic crystal was not observed. Etched features
appeared to be uniform in the scanned area and across the substrate, indicating long-
range order in the photonic crystal pattern. Although it is not evident in the SEM,
the substrates did not show signs of large particle contamination or defects that were
greater than the photonic crystal pitch. Small particles, typically 100 nm in diameter,
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were also observed on the entire substrate. Additional comments and an alternative
cleaning procedure can be found in the appendix.
Figure 4.1 SEM of the c-Si photonic crystal back-reflector after RIE etching
and O2 plasma cleaning. (25,000x magnification and 1µm scale)
The photonic crystal lattice was measured for substrates etched with each set of
plasma parameters. These measurements are provided in Table 4.1. Since CF4 is not
an anisotropic etchant for c-Si, side-wall etching resulted in a larger photonic crystal
diameter than intended and increased the filling ratio (R/a). Side-wall etching was
compensated with subsequent Ag and ZnO:Al depositions and reduced with modifica-
tions to the etching plasma parameters. The lattice pitch was also consistently measured
to be 760 nm, which is 20 nm larger than expected. This difference was likely intro-
duced during the exposure of the mask or wafer. Measurements from all three sets of
parameters indicate that the third recipe is optimal for etching photonic crystals in c-Si.
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Table 4.1 Photonic crystal lattice measurements after c-Si etching
Recipe Etch Depth (nm) Pitch (nm) Diameter (nm) Spacing (nm) R/a
Ideal 250 740 445 300 0.300
1 200 760 565 190 0.372
1 220 760 615 140 0.405
2 250 760 565 195 0.372
3 250 760 555 200 0.365
4.1.2 Ag/ZnO:Al Processing
After etching and cleaning, 50 nm of Ag was thermally evaporated and 100 nm of
ZnO:Al was sputtered on the substrates. As shown in Figure 4.2(a), the Ag evapora-
tion appeared to be uniform across the surface of the c-Si wafer. Slight texturing was
introduced where small particles were covered with Ag, but the size of these particles
were well below the minimum feature size of the photonic crystal. Additional roughness
was observed at the bottom of the etched cavities. This was thought to be caused by
Ag either evaporating on small particles or settling in the cavity instead of on the side-
walls during the evaporation. Figure 4.2(b) shows the same substrate after ZnO:Al was
sputtered on the surface. The ZnO:Al film uniformly coated the etched features and did
not appear to be textured. Since sputtering is typically an omnidirectional deposition
process, sufficient side-wall coverage and uniformity was expected.
4.1.2.1 Side-wall coverage
The R/a after Ag evaporation was found to decrease from 0.37 to 0.36, which indi-
cated that approximately 10 nm to 15 nm was deposited on the side-walls. An additional
drop was measured after sputtering ZnO:Al, which resulted in a final R/a of 0.32 before
the a-Si:H device was deposited. Therefore, an estimated 30 nm of ZnO:Al was deposited
on the side-walls. Due to the limited resolving capabilities and resolution of the SEM,
these values have a non-negligible amount of error. Cross-sectional images from a higher
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(a) (b)
Figure 4.2 SEMs of photonic crystal back-reflector after 50 nm thick Ag
was evaporated (a) and 100 nm thick ZnO:Al was sputtered (b).
(25,000x magnification and 1µm scale)
resolution SEM would provide a more accurate measure of side-wall coverage.
4.1.3 Reflective Properties
Diffuse and total reflection was also measured after Ag was evaporated to charac-
terize the reflective properties of the metallic photonic crystal. Absorption can also be
measured from total reflectance if the assumption is made that light is not transmitted
through the back-reflector.
As shown in Figure 4.3(a), total reflection at longer wavelengths was similar to flat
Ag. As the wavelength of incident light approached the pitch of the photonic crystal,
significant absorption resulted from standing waves in the photonic crystal cavities [5, 6].
Diffuse reflectance appeared to increase precipitously until it reached a maximum of
81% at 545 nm. Absorption below the lattice pitch and intense diffuse reflectance were
designed properties of this photonic crystal back-reflector.
There were several discrepancies between the measured and simulated photonic crys-
tal reflective properties. The measured peak in absorption was lower than the predicted
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amount, as shown in Figure 4.3(b). This was probably due to slight variations within
the photonic crystal lattice, which would broaden and potentially lower the absorption
distribution. A second, smaller peak in diffuse reflection was also observed and can be
attributed to variations as well. Total reflection at longer wavelengths (λ > 750 nm)
was also larger than expected. This increase in total reflection is not necessarily a loss,
since a-Si:H weakly absorbs at these wavelengths and the surface will resemble a flat
silver back-reflector.
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Figure 4.3 Diffuse and total reflectance of the photonic crystal back-reflec-
tor after Ag evaporation is shown in (a). Absorption of the
photonic crystal is shown in (b). Simulated data is shown for a
triangular lattice photonic crystal with a = 700 nm.
4.2 a-Si:H Devices on Back-reflector Substrates
Several a-Si:H n-i-p solar cell devices were deposited on photonic crystal substrates
that were prepared with the first and second set of plasma etching parameters, which
had etch depths of 200 nm, 220 nm, and 250 nm1. Measurements were performed to
1MRC Device ID: 200 nm = 2/12112, 220 nm = 2/12183, 250 nm = 2/12257
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determine absorption enhancement and I-V characteristics. SEM images were also taken
to characterize the a-Si:H device deposition and side-profile.
4.2.1 SEM Analysis
After the a-Si:H devices were fabricated, SEM images were taken to investigate the
surface and side-profile. As shown in Figure 4.4(a), the deposited a-Si:H and ITO con-
formally coated the photonic crystal back-reflector. The lattice was still evident on the
surface of the device, with pinhole features present where the c-Si was previously etched.
A textured surface was expected, as the etch depth of the cavities was approximately
half of the total a-Si:H device thickness. The side-profile for a similar device is shown
in Figure 4.4(b). In this image, the etched cavities are clearly present and filled with
a-Si:H. The conformal a-Si:H deposition is also depicted with the profile of the pinhole
features.
(a) (b)
Figure 4.4 SEMs of photonic crystal back-reflector after a-Si:H device de-
position and ITO sputtering. The device surface is shown in (a)
and the side-profile is shown in (b). (1 µm scale)
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4.2.2 EQE and I-V Measurements
EQE and I-V measurements were performed to characterize the a-Si:H devices. Each
substrate had at least two devices on the photonic crystal back-reflector and one reference
device on flat Ag/ZnO:Al. With the flat reference on the photonic crystal substrate,
enhanced light trapping and absorption was determined by comparing identical a-Si:H
devices.
4.2.2.1 200 nm Etch Depth
An a-Si:H solar cell was deposited on a back-reflector substrate prepared with the first
set of etching parameters. This substrate had an etch depth of 200 nm and the i-layer
thickness of the a-Si:H device was approximately 220 nm. After the device was deposited
and ITO contacts were sputtered, I-V and EQE were measured for both photonic crystal
back-reflector devices and the reference device.
I-V measurements indicated an increase in short circuit current, from 10.86 mA/cm2
for the reference device to 13.88 mA/cm2 and 12.92 mA/cm2 for the back-reflector
devices. These contacts over the photonic crystal were slightly diffused, which resulted
in larger current density measurements with the I-V apparatus. Shadowing from the
top contact probe was also not accounted for, which may explain variation in the back-
reflector measurements. Open circuit voltage and fill factor decreased when a back-
reflector was used. The fill factor of the reference device was 58% while the photonic
crystal devices had fill factors of 52%. Open circuit voltage decreased from 0.84 V for
the reference to 0.77 V for the back-reflector devices. This decrease in Voc is typically
observed with textured back-reflectors in thin-film solar cells and may be attributed to
a greater reverse saturation current in the reference device. The shunt resistance also
decreased, which indicated that additional low resistance paths were introduced in the
a-Si:H i-layer on the back-reflector substrate.
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As shown in Figure 4.5, the photonic crystal back-reflector device significantly im-
proved EQE for wavelengths longer than 620 nm. The enhancement in EQE extended
to wavelengths near the a-Si:H band edge. The similarity in EQE at lower wavelengths
is expected since lower wavelength photons are typically absorbed before reaching the
back-reflector. A slight decrease in EQE was found near 600 nm. This may be at-
tributable to absorptive losses in the back-reflector. The EQE short circuit current was
found to be 13.22 mA/cm2 and 13.17 mA/cm2 for the photonic crystal back-reflector
devices and 12.27 mA/cm2 for the reference device. This corresponded to a 7.7% and
7.3% increase in EQE Jsc, which is more accurate than the improvement shown with I-V
measurements.
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Figure 4.5 Normalized EQE for a-Si:H photonic crystal back-reflector de-
vices with 200 nm etch depth and flat reference (a). The en-
hancement factor for both back-reflector devices is shown in (b).
Absorption enhancement was determined by taking the following ratio at each mea-
sured wavelength:
Enhancement Factor(λ) =
EQE(λ)PC
EQE(λ)Ref
(4.1)
where EQE(λ)PC is EQE for devices on the photonic crystal back-reflector andEQE(λ)Ref
is EQE for the reference device. This enhancement factor is plotted in Figure 4.5(b)
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and has two distinct resonances for both substrates. A factor of 4 improvement in EQE
was found at 740 nm. The second resonance was at 780 nm and increased the EQE by
a factor of 6.
4.2.2.2 250 nm Etch Depth
An a-Si:H device was also deposited on a photonic crystal back-reflector substrate
that was etched with the second set of parameters. The c-Si etch time was increased to
achieve an etch depth of 220 nm and the i-layer thickness was 290 nm.
An improvement in Jsc was found with I-V measurements, from 12.98 mA/cm
2 for
the reference device to 13.14 mA/cm2 and 13.46 mA/cm2 for the back-reflector devices.
Unlike the previously discussed device, these contacts were not diffused. A similar
decrease in fill factor was observed with these devices. The fill factor of the reference
device was 60% while both photonic crystal devices had fill factors of 50%. Open circuit
voltage also decreased from 0.84 V to 0.79 V for the reference and back-reflector devices,
respectively.
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Figure 4.6 Normalized EQE for a-Si:H photonic crystal back-reflector de-
vices with 250 nm etch depth and flat reference (a). The en-
hancement factor for both back-reflector devices is shown in (b).
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The normalized EQE for this device is shown in Figure 4.6(a). Similar to devices
deposited on the substrate with an etch depth of 200 nm, the EQE was similar for
wavelengths shorter than 600 nm and diverged at longer wavelengths. The photonic
crystal back-reflector devices did not demonstrate a decrease in EQE near 600 nm and
660 nm, which is introduced by destructive interference of standing waves in the a-Si:H
layer. A shoulder in the EQE at 640 nm resulted in significant enhancement in EQE
at red and near-infrared wavelengths. These devices had two distinct enhancement
resonances and is shown in Figure 4.6(b). A minor peak at 660 nm had an enhancement
of 2 over the reference device. The second peak was located near 740 nm and had
a factor of 7 improvement in EQE. The EQE short circuit current was found to be
13.30 mA/cm2 for the photonic crystal back-reflector devices and 12.59 mA/cm2 for the
reference device. This corresponded to a 5.6% increase in EQE Jsc.
4.2.2.3 220 nm Etch Depth with a Flat Ag Reference
An additional a-Si:H device was deposited on a photonic crystal back-reflector sub-
strate that had an etch depth of 220 nm. The substrate was fabricated using the first
set of etching parameters and the i-layer thickness of the device was 200 nm. The flat
reference did not produce measurable devices, so an identical device was deposited on a
stainless steel substrate that was coated with 50 nm of Ag.
As expected, I-V measurements indicated that there was an improvement in Jsc be-
tween the photonic crystal and flat Ag back-reflectors. This increase in current density
was greater than devices with a flat Ag/ZnO reference, mainly due to heavily diffused
contacts on the photonic crystal back-reflector devices. The reference device on flat
Ag had a fill factor of 67% and a shunt resistance of 15 KΩ. The photonic crystal
back-reflector device had a fill factor of 50%, which was typical for devices in this re-
search. The shunt resistance was 2.3 KΩ, which was significantly lower than the reference
and approximately half the resistance of the previously discussed back-reflector devices.
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Open circuit voltage also decreased from 0.85 V for the reference device to 0.80 V for
the photonic crystal back-reflector device.
The EQE in Figure 4.7(a) shows significant improvement in absorption for long
wavelength photons. Two distinct shoulders are present at 600 nm and 680 nm, where
the photonic crystal back-reflector device offered enhanced absorption where the flat
Ag reference device decreased in EQE. As shown in Figure 4.7(b), peak enhancement
occurred at the second shoulder with a factor of 8 improvement at 720 nm. A second
sub-peak was present at 760 and had a factor of 6 improvement in EQE. Enhancement
decreased near 800 nm, but absorption is very weak in a-Si:H for these wavelengths.
The EQE short circuit current was found to be 13.38 mA/cm2 for the photonic crystal
back-reflector device and 12.17 mA/cm2 for the reference device. This corresponded to
a 10% increase in EQE Jsc.
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Figure 4.7 Normalized EQE for an a-Si:H photonic crystal back-reflector
device with 220 nm etch depth and a flat Ag reference on stain-
less steel (a). The enhancement factor for both back-reflector
devices is shown in (b).
47
4.2.3 Device Comparison
A summary of the a-Si:H device data is shown in Table 4.2. From this table, it is
clear that a-Si:H devices deposited on photonic crystal back-reflectors has a significantly
higher EQE Jsc compared to their respective flat reference devices. This increase in Jsc
was attributed to absorption enhancement of red and near-infrared photons. The largest
improvement in Jsc was found with devices on the photonic crystal back-reflector that
was etched 220 nm, but this substrate did not have a measurable Ag/ZnO:Al reference.
The a-Si:H devices that had a reference device on the photonic crystal substrate were
found to have similar improvements in Jsc. Peak enhancement was also comparable for
these devices, with the device deposited on the 250 nm etch depth substrate performing
slightly better. All photonic crystal back-reflector devices suffered from a decrease in
Voc and f.f., with respect to their reference devices.
Table 4.2 Summary of device I-V and EQE results.
Etch Depth i-layer
Voc (V)
EQE Jsc f.f.
Peak
(nm) Thickness (nm) (mA/cm2) Enhancement
PC1 200 220 0.77 13.22 51.4 6
PC2 200 220 0.77 13.17 52.0 5.6
Ref. - 220 0.84 12.27 58.3 -
PC1 250 290 0.78 13.30 49.4 6.8
PC2 250 290 0.79 13.28 49.6 6.6
Ref. - 290 0.84 12.59 60.6 -
PC1 220 200 0.80 13.38 50.0 8
Ref. - 200 0.85 12.17 67.0 -
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK
Photonic crystal back-reflectors were fabricated and implemented in a-Si:H solar cells
as a means to enhance absorption at long wavelengths. Silicon wafers were patterned
with photolithography and etched with a CF4/O2 plasma to form the triangular lattice
photonic crystals. Silver was then evaporated on the etched substrates to form a highly
reflective back contact. Aluminum doped zinc oxide was also sputtered on the silver
reflector to prevent agglomeration during subsequent high temperature processing. The
photonic crystal pitch and filling ratio were measured with scanning electron microscopy
and found to be 760 nm and 0.31, respectively. The processed back reflector structures
had high-quality long-range periodicity. Amorphous silicon devices were deposited on
the back-reflectors using plasma enhanced chemical vapor deposition. Indium tin oxide
was then sputtered on the devices as a top contact and antireflection coating.
Diffuse and total reflection measurements indicated that the photonic crystal sub-
strates had over 60% diffuse reflection between 500 nm and 600 nm, with peak of 81%
near 550 nm. A decrease in total reflection between 600 nm and 800 nm was also mea-
sured and can be attributed to absorption within the photonic crystal due to standing
waves in the cavities. Several a-Si:H devices were deposited on the photonic crystal back-
reflector and characterized with I-V and external quantum efficiency measurements. I-V
and EQE measurements showed that the photonic crystal back-reflector increased short
circuit current by 10% with respect to a flat Ag reference. A 7.7% increase in short
circuit current was measured for flat Ag/ZnO:Al reference devices on the photonic crys-
tal substrate. Significant enhancement in long wavelength (λ > 650 nm) absorption
49
was also observed, with up to a factor of 7 improvement at certain wavelengths when
compared to an identical device with a flat Ag/ZnO:Al back-reflector. The photonic
crystal enhanced long wavelength absorption by a factor of 8 for an Ag coated stainless
steel reference device. Additionally, absorption enhancement was observed between 650
nm and 800 nm for every fabricated substrate. A decrease in open circuit voltage and
fill factor occurred with devices deposited on the photonic crystal back-reflectors, and
should be minimized with additional research.
Future Work In this research, a wide range of substrate fabrication parameters
was investigated to further enhance absorption. Several aspects of the photonic crystal
back-reflectors were identified as potential losses, including the depth of the etched
cavities, Ag thickness and side-wall coverage, and thickness of the n-type a-Si:H layer.
While some of these issues were explored, a thorough analysis was not possible with the
limited number of available substrates. Suggestions for future research are discussed in
the order of their perceived priority.
In a study on nc-Si:H growth and defects by Python, voids and cracks formed dur-
ing nc-Si:H depositions on periodic back-reflector surfaces [25]. A relationship between
cracks and solar cell performance was found, as fill factor and open circuit voltage de-
creased when the crack density increased. Although there is a difference between a-Si:H
and nc-Si:H solar cell thickness, the photonic crystal cavity etch depth is nearly half
of the total solar cell thickness. Issues with a-Si:H growth on the rough back-reflector
surface may be responsible for the decrease in fill factor and open circuit voltage. Deter-
mining the effect of etch depth on electrical properties of the a-Si:H solar cell is highly
suggested for future work. Transmission electron microscopy would also be beneficial in
characterizing a-Si:H growth on photonic crystal back-reflectors.
Although evaporated Ag films were typically smooth and had high reflectance, thick-
ness on the cavity side-walls was a concern. As discussed in Section 4.1.2.1, the esti-
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mated side-wall Ag coverage was 10 nm to 15 nm. An Ag film of this thickness is fairly
transmissive, which may result in significant optical losses at lower wavelengths where
a back-reflector is beneficial. A 100 nm thick Ag layer was also evaporated on several
photonic crystal substrates and eventually agglomerated while ZnO:Al was sputtered.
Thin ZnO:Al appeared to reduce intial agglomeration, but the Ag agglomerated during
the device deposition. Future research might expand on these findings and determine
optimal Ag and ZnO:Al thicknesses that have minimal transmission and are not prone
to agglomeration. Sputtering would be ideal for depositing a uniform film on photonic
crystals and might be investigated as well. Ag agglomeration may also be reduced by
RCA cleaning the substrates before evaporation.back-reflector
The 250 nm thick n-type a-SiC:H layer was also thought to have filled the photonic
crystal cavities. Simulation results indicated that standing waves contribute to absorp-
tion enhancement between 650 nm and 750 nm with an absorber layer in the cavities.
Since n-type a-SiC:H has an even larger bandgap than a-Si:H and suffers from signifi-
cant hole recombination, enhancement due to standing waves will be minimal. Future
work might attempt to reduce the n-layer thickness, which would effectively increase the
i-layer presence in the cavities.
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APPENDIX
ALTERNATIVE CLEANING METHODS
As previously mentioned, small particles were found on the c-Si surface immediately
after etching and plasma cleaning. The number of particles in a given area of the sub-
strate not only varied between RIE runs, but appeared to increase throughout the span
of this research. The O2 plasma cleaning plasma parameters were modified several times
with little to no success in reducing the number of particles on the surface. After it was
determined that the particles were not introduced during plasma cleaning, the possibil-
ity of particles introduced during etching was tested. A substrate was ultrasonicated in
acetone to remove the remaining photoresist immediately after it was etched. The sub-
strate was then ultrasonicated in methanol and dried with nitrogen to clean the surface
of debris. A standard 5 minute O2 plasma was used to remove the BARC layer. As
shown in Figure A.1, this method eliminated the particle issue. Large streaks were seen
across the substrate, which may indicate that a cleaner processing area is needed if this
method is used.
An RCA clean was also found to help Ag evaporate uniformly across the substrate.
Immediately after the substrate was etched and cleaned with an O2 plasma, the following
cleaning process was used:
• 1:1:5 solution of NH4OH + H2O2 + H2O at 85◦C for 15 minutes
• H2O rinse for 3 minutes
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• 50:1 solution of HF + H2O for 15 seconds
• H2O rinse for 1 minute
• 1:1:6 solution of HCl + H2O2 + H2O at 85◦C for 15 minutes
• H2O rinse for 3 minutes
While extensive testing was not performed with this cleaning method, reflection data in-
dicated that the Ag film after RCA cleaning was superior to evaporated Ag on substrates
that were ultrasonicated in methanol. SEMs should be taken to further characterize this
additional process.
(a) (b)
Figure A.1 SEMs of c-Si photonic crystals after O2 plasma cleaning (a)
and acetone/methanol photoresist strip and O2 cleaning (b).
(25,000x magnification and 1µm scale)
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